Polarization in $\Xi_c^0$ decays by Han, Tong-Zhu et al.
ar
X
iv
:1
90
7.
09
13
5v
1 
 [h
ep
-ex
]  
22
 Ju
l 2
01
9
Polarization in Ξ0
c
decays
Tong-Zhu Han,1, ∗ Rong-Gang Ping,2, 3, † and Tao Luo1, ‡
1 Key Laboratory of Nuclear Physics and Ion-beam Application (MOE) and
Institute of Modern Physics, Fudan University, Shanghai 200443, China.
2 Institute of High Energy Physics, Chinese Academy of Sciences,
P.O. Box 918(1), Beijing 100049, China.
3University of Chinese Academy of Science, Beijing 100049, China.
Measurements on the weak decay asymmetry parameters of charmed baryon, say Ξc, provide
more information on the W -emission and W -exchange mechanisms controlled by the strong and
weak interactions. Taking advantage of the spin polarization in the charmed baryon decays, we
investigate the possibility to measure the weak decay asymmetry parameters in the e+e− → Ξ0cΞ¯0c
process. We analyze the transverse polarization spontaneously produced in this process and spin
transfer in the subsequent Ξc decays. The sensitivity to measure the asymmetry parameters are
estimated for the decay Ξc → Ξpi.
PACS numbers: 13.30.-a, 13.60.Rj, 24.70.+s
I. INTROUDECTION
Evidence for the charmed baryons Ξ+ and Ξ0 were
reported for the first time by a hyperon beam exper-
iment at CERN [1] and subsequently confirmed by
other experiments [2–6], and recently, precise mea-
surements on the masses are coming from the hadron
collider experiment [7, 8]. Some exclusive decay
modes are established in experiment, but its funda-
mental properties, such as the spin and parity, are still
not confirmed in experiment. Their quark contents
are assigned as usc for Ξ+c and dsc for Ξ
0
c baryons.
In SU(4) quark model, these two states are assigned
as the 20-plet with SU(3) octet. Hence its spin and
parity are assigned as 1
2
+
.
The charmed baryon decays are suggested to be a
unique laboratory to study the strong and weak inter-
actions. Compared with the charm meson decays, the
W -exchange processes are believed to make significant
contributions to the decays, due to factor that they are
not subject to the color and helicity suppression. This
argument is confirmed by the recent measurement of
the branching fraction of Λ+c → Ξ0K+ [9]. But it is
difficult to make a reliable calculations on this pro-
cess since it involves the nonfactorizable amplitudes.
On the other hands, the Cabbibo-favored decay, e.g.
Ξ0c → Ξ−π+ and Ξ+c → Ξ0π+, are calculated by many
groups. Not only their decay rate but also asymmetry
parameters are predicted.
The measurement on the decay asymmetry parame-
ter will provide us with more information on the non-
factorizable contributions in the weak decay, but it
is measured only for the Ξ0c → Ξ−π+ decay, namely,
αΞc = −0.6 ± 0.4 [10]. However, the theoretical pre-
dictions came out with large uncertainty, falling in the
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range (−0.99,−0.38) [11–16]. Similar situation hap-
pens with the Ξ+c → Ξ0π+ decay, and asymmetry pa-
rameter are calculated to be αΞc = 1 [12] and other
calculations in the range (−1,−0.27) [11, 13–16].
In this work, we motivate to analyze the Ξ0c spin
polarization and demonstrate how it is transferred to
the decayed particles in the process e+e− → Ξ0cΞ¯0c .
Taking the advantage of the production cross section
is enhanced near the mass threshold, a data sample
may be taken around
√
s = 5.0 GeV in the future
e+e− colliders, such as supper-tau charm factory. The
formulas are also applicable to the process e+e− →
Ξ+c Ξ¯
−
c .
II. TRANSVERSE POLARIZATION OF Ξc
We suppose that the charmed baryon pairs are pro-
duced from the unpolarized beam e+e− collisions,
namely e+e− → ΞcΞ¯c. We assume that the colli-
sions take place around the energy point
√
s = 2MΞc ,
and its cross section may be enhanced close to the
mass threshold of charmed baryon pair. The Z-
boson contribution to this process is negligible due to
the center-of-mass energy far away from the Z-boson
mass. Hence the electromagnetic process dominates
the cross section, and it conserves the spin parity.
In the production plane formed by the electron
beam and the outgoing charmed baryon, the charmed
baryons are unpolarized in the longitudinal direction,
since any spin polarization in the production plane
can violate the parity of this process. However, the
charmed baryon may be polarized along the direc-
tion normal to the production plane as long as the
process can acquire a phase angle difference between
the electro- and magnetic-form factors. This kind
of transverse polarization (TP) is produced sponta-
neously for the baryon pair produced from the e+e−
collisions, and it has been theoretically studied for a
long time [17–23] . Until recently, the Λ baryon of
transverse polarization was observed in both contin-
2uum process and J/ψ decays [24].
The transverse polarization of charmed baryon
make its subsequent weak decay to become a spin
polarimeter, so that its decay asymmetry parameters
can be measured via analyzing its decayed particles
of angular distributions. Nevertheless, the analysis of
charmed TP is only dependent on its production pro-
cess, and we formulate it with a spin density matrix
as
ρΞc =
1
2
(PΞc0 I0 +
~PΞc · ~σ), (1)
where PΞc0 is a unpolarized cross section, I0 is a 2× 2
unit matrix, ~PΞc is a polarization vector. The spin
density matrix is normalized as PΞc0 = Tr[ρ
Ξc ], which
means that the degree of polarization is defined as
PΞci = Tr[ρΞcσi]/Tr[ρΞc ] (i = x, y, z), associated with
the Pauli matrices σi.
Calculating the charmed baryon of spin density ma-
trix is straightforward. In the production plane, the
orientation of charmed baryon is denoted by a polar
angle θ spanning between the positron beam and the
outgoing direction of the charmed baryon, as shown
in Fig. 1. With helicity amplitudes defined in Ta-
ble I, the elements of spin density matrix for Ξ0c are
calculated to be
ρΞc1
2
, 1
2
= ρΞc
− 1
2
,− 1
2
=
1
2
(1 + α cos2 θ),
ρΞc1
2
,− 1
2
= ρΞc∗
− 1
2
, 1
2
= −1
4
i
√
1− α2 sin(2θ) sin (∆0) , (2)
where α =
|A1/2,−1/2|
2−2|A1/2,1/2|
2
|A1/2,−1/2|2+2|A1/2,1/2|2
is the angular distri-
bution parameter of charmed baryon, ∆0 is the phase
angle difference between the two independent helicity
amplitudes A1/2,1/2 and A1/2,−1/2. Here the spin of
Ξ¯0c is not observed in the calculation. Then the degree
of Ξ0c polarization is calculated to be
PΞcx =PΞcz = 0,
PΞcy =
√
1− α2 sin(2θ) sin (∆0)
2(1 + α cos2 θ)
. (3)
The results indicate that in the production x-z plane,
the polarization of charmed baryon vanishes, but
the TP component normal to the production plane
emerges provided that the factor
√
1− α2 sin(∆0) has
nonzero value.
III. Ξ− SPIN DENSITY MATRIX
We further consider the weak decay Ξ0c →
Ξ−(λ2)π
+, and its helicity amplitude is denoted by
Bλ2 , and the orientation of Ξ
− is described by the
helicity angle (θ1, φ1). Here the angle θ1 is defined
as the angle between the Ξ− momentum in Ξ0c rest
frame and the Ξ0c momentum in the e
+e− center-of-
mass (CMS) system, and the angle φ1 is the angle
Tab. I: Definition of decays, helicity angles and amplitudes,
where λi indicates the helicity values for the corresponding
hadron.
Decay Angles Amplitude
e+e− → Ξ0c(λ0)Ξ¯0c(λ1) (θ, φ) Aλ0,λ1
Ξ0c → Ξ−(λ2)pi+ (θ1, φ1) Bλ2
Ξ− → Λ(λ3)pi− (θ2, φ2) Gλ3
Λ→ p(λ4)pi (θ3, φ3) Fλ4
θ
φ1
θ1
CM frame Ξ
0
c
rest frame
Ξ0
c
Ξ¯0
c
pi+
Ξ−
pi+
Ξ−
e−
e+
θ1
φ2
θ2
Ξ0
c
rest frame Ξ− rest frame
Ξ−pi+ pi
−
Λ
pi−
Λ
Ξ0
c
θ2
φ3
θ3
Ξ− rest frame Λ rest frame
Λpi− pi
p
pi
p
Ξ−
Fig. 1: Definition of helicity frame of e+e− → Ξ0cΞ¯0c ,Ξ0c →
Ξ−pi+,Ξ− → Λpi−,Λ→ ppi.
between the Ξ− production plane and its decay plane
as shown in Figure 1.
The Ξ0c weak decay gives rise to the longitudinal
polarization of Ξ− by amount of PΞcy αΞc . Hence
this decay can be used to measure the Ξc polariza-
tion degree if the decay asymmetry parameter αΞc
is determined. Since the decay violates the parity,
any difference between the two helicity amplitudes
B±1/2 characterize the decay asymmetry distribution.
Thus the decay asymmetry parameter is defined by
αΞc = (|B+1/2|2 − |B−1/2|2)/(|B+1/2|2 + |B−1/2|2).
This definition is consistent with the Lee-Yang pa-
rameter defined with the S- and P -wave [25].
Using the obtained spin density matrix ρΞc , the Ξ−
spin density matrix is calculated by
ρΞλ2,λ′2 =
∑
λ0,λ′0
ρΞcλ0,λ′0
D
1
2
λ0,λ2
(φ1, θ1, 0)D
1
2
∗
λ′
0
,λ′
2
(φ1, θ1, 0)
×B∗λ2Bλ′2 , (4)
where D
1
2
λ0,λ2
(φ1, θ1, 0) is Wigner-D function.
3The further simplification yields
ρΞ1
2
, 1
2
+ ρΞ− 1
2
,− 1
2
=
1
2
(PΞc0 − αΞcPΞcy sin θ1 sinφ1),
ρΞ1
2
,− 1
2
= ρΞ∗− 1
2
,− 1
2
= −1
4
ei∆1
√
1− αΞc
× PΞcy (cos θ1 sinφ1 + i cosφ1), (5)
where ∆1 is the phase angle difference between the
two helicity amplitudes B1/2 and B−1/2 , and the Ξc
spin polarization components are taken as
PΞc0 = 1 + α cos
2 θ,
PΞcy = −
1
2
√
1− α2 sin(2θ) sin∆0.
The Ξ− angular distribution is given by the trace
of its spin density matrix, namely
WΞ(θ, θ1, φ1) ∝ 1 + α cos2 θ +
√
1− α2αΞc
× sin θ cos θ sin θ1 sinφ1 sin∆0. (6)
The above distribution can be understood from the
role of Ξ0c spin polarimeter, i.e.
WΞ(θ, θ1, φ1) ∝ 1 + PΞcy αΞc sin(θ1) sin(φ1). (7)
The spin transfer in the Ξ0c decay is twofold. The Ξ
−
transverse polarization entirely originates from the Ξ0c
transverse component, and the decayed Ξ− acquires
some longitudinal polarization partly from Ξ0c trans-
verse polarization, and partly from the weak decay.
The elements of its polarization vector are calculated
to be
PΞx =
1
2
√
1− α2ΞcP
Ξc
y (sin∆1 cosφ1 − cos∆1 cos θ1 sin φ1),
PΞy =
1
2
√
1− α2ΞcP
Ξc
y (sin∆1 cos θ1 sinφ1 + cos∆1 cos φ1),
PΞz =
1
2
(αΞcP
Ξc
0 − sin θ1PΞcy sinφ1). (8)
IV. JOINT ANGULAR DISTRIBUTION
To make full use of information available in experiment,
we formulate the joint angular distributions for the full
decay chain, namely, e+e− → Ξ0cΞ¯0c ,Ξ0c → Ξ−pi+,Ξ− →
Λpi−,Λ → ppi, and Ξ¯0c decaying into anything. The first
two decay chains have been encoded in the Ξ− spin density
matrix, and thus allow us to construct the full decay am-
plitude beginning with the Ξ− decay. Helicity amplitudes
for Ξ− and Λ decays are given in Table I, and their decay
asymmetry parameters are denoted by αΞ and αΛ, respec-
tively, and defined by αΞ = (|G1/2|2−|G−1/2|2)/|G1/2|2+
|G−1/2|2, and αΛ = (|F1/2|2−|F−1/2|2)/|F1/2|2+ |F−1/2|2.
Helicity angles, (θ2, φ2) for Ξ
− → Λpi−, and (θ3, φ3) for
Λ → ppi−, are illustrated in Figure 1. Then the joint an-
gular distribution for the full decay chain is calculated by
W(θ, θ1, θ2, θ3, φ1, φ2, φ3) ∝
∑
λi,λj=±
1
2
ρΞλ2,λ′2(θ, θ1, φ1)
×D
1
2
λ2,λ3
(φ2, θ2, 0)D
1
2
∗
λ′
2
,λ′
3
(φ2, θ2, 0)
×D
1
2
λ3,λ4
(φ3, θ3, 0)D
1
2
∗
λ′
3
,λ4
(φ3, θ3, 0)
×G∗λ3Gλ′3 |Fλ4 |
2. (9)
Then the simplified expression in terms of decay asymme-
try parameters is given by
W(θ, θ1, θ2, θ3, φ1, φ2) ∝ PΞ0 (1 + αΛαΞ cos θ3)
+(αΛ cos θ3 + αΞ)(P
Ξ
x sin θ2 cosφ2
−PΞy sin θ2 sinφ2 + PΞz cos θ2). (10)
If we don’t observe the angular distributions for the last
step decay, we integrate out the angle θ3 and φ3. Then we
have a reduced distribution in terms of the Ξ spin polar-
ization as
WΛ(θ, θ1, θ2, φ1, φ2) ∝ PΞ0 + αΞPΞz cos θ2
+αΞ sin θ2(P
Ξ
x cos φ2 − PΞy sinφ2). (11)
V. SPIN OBSERVABLE
The transverse polarization of charmed baryon is spon-
taneously generated from the e+e− annihilation, which is
characterized by Eq. (3). The charmed baryon carries
a reverse polarization degree in the detector of east and
west region, and has a net-zero degree of polarization in
the full coverage of detector. To display its distribution
versus cos θ in data analysis, a general way is to fill the
distribution of 〈sin θ1 sinφ1〉 versus cos θ, which makes it
independent on the measurement of angular distribution
parameter α. Here the average is defined by
〈sin θ1 sinφ1〉 = 1
N
∫
WΞ(θ, θ1, φ1) sin θ1 sinφ1d(cos θ1)dφ1
=
1
3
PΞcy αΞc , (12)
with a normalization factor
N =
∫
WΞ(θ, θ1, φ1)d(cos θ1)dφ1.
A Monte-Carlo (MC) simulation is performed to gener-
ate events using Eq. (6), with a naive choice of parameters
αΞc = −0.1, α = 0.3. Then we fill a histogram of cos θ
with a weight of sin θ1 sinφ1/N as shown in Figure 2, here
N is the number of generated events. With a sufficient size
of MC sample, one can see that the filled distribution of
〈sin θ1 sinφ1〉 versus cos θ can be described with the PΞcy
distribution as given by Eq. (3).
VI. SENSITIVITY OF αΞc MEASUREMENT
To measure the decay asymmetry parameter αΞc , we
make use of the decay chain as much as possible. The
precise measurement benefit from the full decay chain of
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Fig. 2: The 〈sin θ1 sinφ1〉 distribution versus cos θ. Dots
with error bars are filled with MC events, and curve shows
a comparison with the charmed baryon transverse polar-
ization PΞcy .
polarization information, which is expressed in terms of
hyperon Ξ and Λ weak decays. We assume that the αΞc
parameter is extracted from fitting the normalized angular
distribution W˜(θ, θ1, θ2, θ3, φ1, φ2) to data event by event
with a likelihood function defined by
L =
N∏
i=1
W˜(θ, θ1, θ2, θ3, φ1, φ2, αΞc), (13)
where N is the number of observed events. The statistical
sensitivity associated to the parameter estimation with the
maximum likelihood method is determined by the relative
uncertainty
δ(αΞc) =
√
V (αΞc)
|αΞc |
, (14)
where V (αΞc ) denotes the variance of the parameter αΞc ,
which can be determined by
V −1(αΞc) = N
∫
1
W˜(θi, φi, αΞc)
[
∂W˜(θi, φi, αΞc )
∂αΞc
]2
×
∏
i
d cos θi
∏
j
dφj , (15)
To get the dependence of sensitivity on the signal yields N ,
we estimate the value of δ(αΞc) by taking the parameters
[26] as αΞ = −0.392, αΛ = 0.750, α = 0.6. The parameter
αΞc sensitivity is calculated by follows
0.6√
N
< δ(αΞc ) <
6.6√
N
, (16)
where the lower and upper limits are determined by taking
the αΞc = −0.1 and −0.9, respectively.
As for other αΞc values, we plot the sensitivity versus
the Ξc statistics as shown in Fig. 3. One can see that if we
take αΞc = −0.6±0.4 for the Ξ0c → Ξ−pi+ decay, the signal
50,000 events yields sensitivity of this parameter reaching
to precision of 0.1 ∼ 1.0%. The αΞc measurement can
be performed in the super KEKB, or in the future Super
Tau Charm Facility, which is proposed by the Chinese and
Russian Physicists, with the center-of-mass energy from 2
to 5 GeV.
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Fig. 3: The αΞc sensitivity versus the signal yields N in
terms of different value αΞc . The curves from top to bot-
tom corresponds to the αΞc value taken as −0.1, −0.2,
...,−0.9.
VII. SUMMARY
We formulate the polarization in the process e+e− →
Ξ0cΞ¯
0
c motivated by study the weak asymmetry decay pa-
rameters for the Ξc → Ξpi decay. As in other contin-
uum process, the transverse polarization may be sponta-
neously generated accompanied by the baryon pair pro-
duction from the e+e− annihilations. We formulate the
decay asymmetry parameter for the weak decay Ξc → Ξpi,
and we also show that how the transverse polarization is
transferred from the charmed baryon to the decayed Ξ hy-
peron. Taking the advantage of full decay chain to express
the Ξ polarization, we formulate the joint angular distri-
butions for the Ξ full decay chain Ξ→ Λpi, and Λ→ ppi−.
A Monte-Carlo simulation is performed to show how to
display the transverse polarization effects. The sensitivity
to measure the αΞc asymmetry parameters is estimated
with the full decay chain formula.
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